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Recent  work  on  the  hexokinases  of a  variety  of plant  and  animal  tissues 
(1-6)  indicates  that  there  are  significant  differences  in  the  catalytic  activity 
of the enzyme from different  sources; earlier  work  in  this  field has  been  re- 
viewed  by Colowick  (7).  Before  an  understanding  of this  group  of enzymes 
can  be  attained,  it  will  be  necessary  to  study  the  hexokinases  from  many 
sources. 
The present experiments deal with hexokinase from eggs of Arbacia punctu- 
'ata; they are a  part of a  general survey of the enzymes of Arbacia  (8). 
Materials and Methods 
Hexokinase Preparations.--Eggs were  obtained  and  handled  by  the  customary 
techniques  of this  laboratory  (9).  Cell-free  extracts  with  hexokinase  activity  were 
prepared  by essentially  the  same  method  as  that  previously developed  in  studies 
on oxidative phosphorylafion (10).  Unfertilized Arbacia eggs were washed once with 
100 volumes of sea water, then three times with the same volume of a solution which 
was 0.5 ~  with respect to NaC1, 0.02 M with respect to NaHCO3, and pit 7.9.  After 
the last  wash,  when  the  eggs had  setfledl  the  supematant  fluid  was  siphoned  off, 
and the eggs were transferred to a  15 ml. centrifuge tube which had previously been 
chilled to 5°C. The eggs were packed by centrifuging at  1000  X  g for 30 seconds at 
5°C.  All subsequent  operations,  except as  otherwise  specified,  were  carried  out at 
1-5°C. 
The packed eggs were then suspended  in 4  volumes of a  homogenizing solution, 
having the following composition: potassium chloride, 0.4 M; sodium citrate, 0.01 M; 
glycylglycine, 0.05  M; pH 7.5.  The resulting  egg suspension was alternately  drawn 
into and forced out of a  syringe three  times  through a  No.  18 needle,  a  procedure 
which disintegrated 95 per cent or more of the unfertilized eggs; the same procedure 
was effective in breaking up plutei at 24 or 48 hours after fertilization.  A homoge- 
nate  was  prepared  from fertilized  eggs  1 hour  after  fertilization  by  the  modified 
procedure (11),  in which the fertilized eggs were exposed to a  cold urea-saline solu- 
tion  (0.72  M urea,  0.125  ~  NaC1)  for 1 minute and  then washed  three  times, prior 
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to homogenization in the usual medium, with a solution 0.5 xr with respect to NaC1 
and 0.02 x+ with respect to NaHCO~ 
The homogenate  was  centrifuged in  the  angle  head  of a  refrigerated  centrifuge 
for 8 minutes at  1000  X  g. The bottom red layer and  the middle yolk layer were 
discarded, and the opalescent top layer was taken for study of hexokinase activity. 
This  top  layer  varied  from  pink  to  brown  in  color  in  preparations  from  vari- 
ous batches of eggs, the brown color being most pronounced in homogenates  of eggs 
from urchins stored 3 or more days in laboratory aquaria.  The cause of the  brown 
color has not been ascertained; it may be substantially reduced by incorporation of 
0.004 M ethylenediaminetetraacetic  acid  (EDTA)  in  the homogenizing medium at 
pH 7.5. 
Particulate  and  supernatant  fractions  were  prepared  from  the  homogenate  by 
centrifuging 30 minutes at 20,000  X  g in the Spinco model L refrigerated centrifuge. 
The protein content (12)  of homogenates was about 20 rag. per ml., that of the su- 
pemate fractions about 9 to 11 rag. per ml. For determinations of hexokinase activ- 
ity by the photometric indicator method  (see below)  the  supernatant  fraction  was 
dialyzed for 2 hours at  1-2°C. with rapid stirring against 200 volumes of a solution 
0.4 M with respect to KC1 and 0.0005 ~  with respect to EDTA~ pH 7.8. 
Determination of Hezokigase Activ/ty.--Three methods were used: 
(a) Hexose consumption method: The basic incubation mixture had the following 
composition; substrate,  as desired;  adenosinetriphosphate  (ATP),  0.002  5; MgCl~, 
0.01 M; glycylglycine, 0.05 M; initial pH, 7.4; 0.5 ml. enzyme solution in a  total vol- 
ume of 2.5 hal. The glucose, fructose, or mannose present at the beginning and end 
of a  30 minute incubation period at 20°C.  was determined as described by Nelson 
(13) and the difference  recorded. 
(b)  Manometric  method  (14): The  incubation  mixture  had  the  following com- 
position: substrate, as desired; ATP, 0.005 M; MgC12, 0.005 ~t; potassium phosphate, 
0.01 M; NaHCOs, 0.025 M, KC1, 0.1 g; glycylglycine, 0.02 M; initial pH, 7.8; 1.0 mh 
enzyme solution in a  total final volume of 2.5  mh The mixture was equilibrated  at 
20°C. with a gas phase of 95 per cent Nr-5 per cent CO~; the reaction was initiated 
by tipping in the ATP (in solution at pH 7.8) from the side arm. It was necessary to 
determine retention of CO2 by adding known amounts of 0.100 N HC1 to 2.5 ml. of 
incubation mixture in each experiment. 
(c)  Photometric indicator method  (2): the incubation mixture had  the following 
composition: substrate,  as  desired;  ATP,  0.0025  M;  MgCh,  0.005  ~x;  phenol  red, 
0.0012  per cent; initial pH,  7.6; 0.5 mh enzyme solution in a  total final volume of 
4.0 ml. The enzyme was first mixed with 3.0 ml. of a solution containing the phenol 
red, ATP, and MgCI~ and allowed to react for 5 to 10 minutes at room temperature, 
during which time the optical density reading became constant; 0.5 ml. of a solution 
of the  desired  substrate  was  then  added  and  the  decrease  in  optical  density  was 
followed at 550  m# on a  Coleman spectrophotometer.  Sugar consumption was cal- 
culated  from  calibration  experiments  in  which  the  optical  density  change  during 
complete consumption of known small amounts of substrate  was measured. 
Sources of Materials.--Adenosinetriphosphate  (ATP) disodium salt and adenosine- 
diphosphate  (ADP) monosodium salt were purchased from Pabst Laboratories. The 
samples of hexose employed were the same as those used by Sols and Crane (2) and M.  E.  KP.AHL,  A.  K.  KELTCH,  C.  P.  WALTERS,  AND  G.  H.  CLOWES  33 
were  provided by  these  authors. The 2-desoxyglucose was  kindly donated to Dr. 
Sols by Dr. F. B. Cramer.  The fructose sample  was  not  recrystallized.  Glucose-6- 
phosphate and fructose-6-phosphate  were obtained as the barium salts  from Nutri- 
tional Biochemicals, Inc., and converted to the potassium salts prior to use.  Other 
chemicals  were  of  reagent  grade.  All  solutions  were  prepared  from glass-distilled 
water. 
REslyr_.,TS 
Effect of pB and Phosphate.--In the absence of added phosphate, hexokinase 
activity in the range pH 8.0-8.5  was about one-half the activity at pH  7.0 
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FIO. 1. Glucose consumed by homogenate  of unfertilized  Arbacia eggs as a func- 
t.ion of pH. The equivalent of 0.1 ml. packed eggs was used in a total volume of 2.5 
ml.  medium of the following composition:  glucose, 0.001 M; adenosinetriphosphate, 
0.005 ~; magnesium  chloride, 0.01 M; glycylglycine, 0.1  M; incubation,  30 minutes 
at 20  °. Open circles, no phosphate added; solid circles, 0.02 M potassium phosphate 
present. 
(Fig.  1).  The addition  of phosphate  ion  to  a  final  concentration of 0.02  z~ 
produced  a  substantial  and  approximately equal  increase  in  activity at  all 
pH values. A similar effect of phosphate ion on a hexokinase has been previ- 
ously described (15). 
Fluoride, tested at 0.05 ~r at pH 7.5, produced a  10 per cent inhibition of 
glucose consumption. In view of this and the fact that adenosinetriphosphatase 
in the absence of fluoride did not prevent maintenance of the ATP concentra- 
tion during the hexokinase measurements  (see Table I), fluoride was  subse- 
quently omitted from the incubation medium. 
Relation to Stage of Dcvelopment.--Glucose consumption  was  determined, 
in the basic medium with phosphate added to a  final concentration of 0.02 
M,  on homogenates of unfertilized eggs,  fertilized eggs at  the  completion of 
first  cleavage,  plutei  24  hours after fertilization, and  plutei  48  hours  after 34  AI~SACIA HEXOKINASE 
fertilization.  The  following  respective  values  were  obtained  (micrograms 
glucose consumed per hour per milligram of protein): 67,  72,  94, 226. I 
No  glucose  was  consumed  by  the  homogenate  of unfertilized  eggs  when 
ATP was omitted from the reaction medium. Moreover, when 0.005 ~  adeno- 
sinediphosphate  was substituted  for 0.005 M ATP in tests with the supernate 
fraction described  below  there  was  no glucose consumption.  Myokinase  was 
therefore  not present  in  the  supernate  fraction. 
TABLE I 
Equivalence  between Glucose Consumption  and  the  Decrease in  Phosphorus  Found  after  10 
Minute  Hydrolysis  in  1  ~r  ttsSO~  at  lO0°C. 
In each experiment  0.5 ml. supernate  fraction  from unfertilized  Arbacia eggs (5.2 rag. 
protein) was incubated  30 minutes at 20°C. in a total volume of 2.5 ml. The reaction mix- 
ture had the following composition at the beginning of incubation:  glucose, 0.001 g; ATP, 
0.002 x~; MgCI2, 0.01 ~; glycylglycine, 0.05 M; pH 7.4. Glucose, inorganic phosphate,  and 
inorganic phosphate  after the 10 minute hydrolysis, were determined  at the beginning and 
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* The concurrent  increase in inorganic P was found to be 0.58 and  1.03 micromoles, re- 
spectively in Experiments  33W53 and 34W53. 
The  bexokinase  content  of unfertilized  Arbc~ia  eggs  can  be  estimated  as 
follows. If it is assumed that the turnover number is the same as for crystalline 
hexokinase of yeast (19),  13,000 moles per minute per 105 gm. protein, it may 
be  calculated  that  0.005  per  cent  of the  protein  extracted  from the  eggs is 
hexokinase.  Approximately one-sixth  of the  total  egg protein  is  recovered  in 
the supemate  fraction; thus, about 0.001 per cent of the egg protein may be 
hexokinase.  The  hexokinase  activity  of  Arbc~ia  eggs  compares  favorably 
with that of muscle and several other mammalian tissues  (20, 21). 
1 After fertilization  eggs were allowed  to develop at  room temperature,  approxi- 
mately 27°; the 24 and 48 hour embryos corresponded in the gross to stages 12 and 
14, respectively, of Fewkes  (16).  Glucose use by the intact  eggs and  embryos was 
measured in sea water containing 0.001  M glucose.  The glucose consumption by the 
unfertilized  eggs was about  one-third,  and  the  consumption by the 48 hour plutei 
was approximately the same as that expected from the hexokinase activity of homo- 
genates. 
There  are  changes in  activity of other enzymes of the  Arbada  egg as  a  result 
of  fertilization.  These  have  been  reviewed  by  Tyler  (17),  Runnstr6m  (18),  and 
Krahl (8). M.  E.  KRAHL, A.  K. KELTCH, C.  P.  WALTERS, AND G. H.  CLOWES  35 
Activity  of  Particulate  and  Supernate  Fractions.--Hexokinase  activity  in 
homogenates of wheat germ, (3) and of a  number of mammalian tissues (20) 
appears  mainly  in  association  with  easily  sedimentable  particulate  matter, 
whereas that of yeast autolysate (19, 22) or of lysed erythrocytes (20) remains 
in solution after centrifugation at 18,000  X  g. The activities of a homogenate 
of unfertilized eggs,  the  supemate  therefrom after  centrifugafion at  20,000 
X  g for 30 minutes,  and the particulate  (sedimented) fraction were, respec- 
tively, (micrograms glucose consumed per 30 minutes per 0.5 ml. homogenate 
TABLE II 
Inhibition of Hexotdnase  from Unfertilized  Arbacia Eggs by Reaction Products 
In each experiment 0.5 ml. supernate fraction (6.2 rag. protein) was incubated 30 minutes 
at 20°C. in a total volume of 2.0 hal. The reaction mixture had the following  composition  at 
the beginning of incubation: glucose, 0.001 ~; ATP, 0.005 ~; MgCIs, 0.01 M; potassium 
phosphate, 0.01 M; potassium chloride, 0.1 ~r; glycylglycine,  0.05 m; pH 7.4. Glucose was 
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or equivalent)  245,  220,  10.  Hexokinase activity of Arbacia eggs is therefore 
virtually all in a form not sedimentable at 20,000 X  g. 
Measurements  of hexokinase activity of the supernate  fractions from un- 
fertilized Arbacia  eggs,  made  by direct glucose estimation,  the  manometric 
method, or the photometric indicator method gave essentially the same results. 
Also,  there  was  stoichiometric equivalence of glucose  disappearance  to  the 
decrease in phosphorus found after 10 minute hydrolysis (Table I). 
Effect  of Reaction  Products.--The  hexokinases of brain  (20,  23)  and some 
other tissues of mammals (20) and the glucokinase of Schistosoma mansoni (5) 
are inhibited by glucose-6-phosphate, while that  of yeast  (1,  20,  23)  is not. 
Adenosinediphosphate  inhibits  the  hexokinase  of  brain  and  other  animal 36  ARBACIA  EEXOKINASE 
tissues  (15),  but not  that of yeast (1).  Hexokinase activity of the superuate 
fraction from unfertilized Arbacia  eggs was reduced 63 per cent by the addi- 
tion of glucose-6-phosphate to the medium at an initial concentration of 0.001 
M; it was reduced 37 per cent by addition of ADP at an initial concentration 
of 0.005  ~;  the initial  concentrations  of glucose and ATP were 0.001  ~  and 
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MANNOSE  CONCENTRATION,  MOLES PER L. 
FIG. 2.  Hexokinase activity of supemate fraction from unfertilized  Arbacia eggs 
as a  function of man_nose concentration. Determinations were  made by the photo- 
metric indicator method for the  I  minute period from the  1st  to  the 2nd  minute 
after initiation of the reaction.  The point of half saturation is indicated by the cross. 
For details see Methods. 
A~nlties for  Various Sugars.--Determinations  were  made  of  the  concen- 
trations of each of a  number of sugars required  for half and full hexokinase 
activities of the supernate fraction from unfertilized Arbacia eggs. 
An  example of application of the photometric indicator  method  to deter- 
minafion of the saturation curve for mannose is given in Fig. 2. Half-saturation 
(K~) values for the various sugars  tested are as follows: (in moles per liter); 
glucose,  3  X  10-6;  2-desoxyglucose,  2.5  X  10-4;  mannose,  7  X  10-5;  and 
fructose, 7.5  X  10-  4. Arbacia hexokinase has a lower affinity than brain hexo- 
kinase  (2)  for glucose and mannose, but about the same affinity for fructose, 
if the effect on the latter of the use of commercial fructose  (2)  is taken into 
account. It is worthy of note, however, that the affinity of Arbacia hexokinase M.  E.  KRAHL,  A.  K.  KELTCH,  C.  P.  WALTERS~  AND  O.  H.  CLOWES  37 
for  2-desoxyglucose  is  much  lower  (10  times)  than  that  of  brain  hexo- 
kinase .2 
Rdative  Rates  of Consumption  of  Various  Sugars.--Hexokinase  activity  of 
Arbacia  superuate  fractions  was  determined  for  a  number  of substrates  at 
concentrations sufficient for saturation of the enzyme (Table III). The relative 
rates  of  consumption  of  various  sugars  by  hexokinases  from  other  sources 
have  been reported  to be  as follows: yeast hexokinase,  glucose  1.0,  fructose 
1.4  (1)  or  1.0  (22),  mannose  0.75  (1)  or 0.5  (22),  2-desoxyglucose  1.0  (24), 
glucosamine  1.0  (25);  brain  particulate  hexokinase  (2),  glucose  1.0,  fructose 
1.4, mannose 0.5, 2-desoxyglucose 1.0, glucosamine 0.6; rat red cell hexokinase 
TABLE HI 
Relative Rates at Which Various Sugars Are Consumed by Hexokinase Preparations  from Arbacia 
The Rate of Glucose Consumption Is Arbitrarily Set at 1.0 
Sugar 
Glucose  ...................................... 
























* All values were determined at 0.025 M substrate,  except for 
phosphate, which were tested relative to glucose at 0.005. 
All values were determined at 0.01 x¢ substrate. 
glucosamine and fructose-6- 
(6),  glucose  1.0,  mannose  0.8.  It is  clear  that  Arbacia  hexokinase  consumes 
2-desoxyglucose  and  mannose  much  more  rapidly  in  comparison  to  glucose 
than the other hexokinases so far studied. The difference is apparently related 
to the configuration at carbon --2. 
Tests with mixtures of substrates  were run  (Table IV). In no instance was 
the rate with the two combined substrates  significantly higher than v,  ith one 
of the  substrates  alone.  This  suggests  that  glucose,  fructose,  mannose,  and 
2-desoxyglucose are phosphorylated by the same enzyme in Arbacia extracts. 
2The  method  becomes relatively inexact below K~ values of 0.0001  because of 
the  small  differences  in  spectrophotometric readings;  the value  for glucose should 
not be considered  to be established  more accurately than 0.00003  4-  0.00002.  For 
the same reason the value of 0.00007  for mannose cannot be considered as signifi- 
cantly different from that for glucose. 38  ARBACIA HEXOKINASE 
If  two  sugars  were  phosphorylated by different enzymes, with  no  cross-in- 
hibition, the rate with two combined substrates should approach the sum of 
the individual rates with the single substrates. 
The authors wish to express appreciation to Dr. A. Sols and Dr. R. K. Crane for 
the gift of a number of substrates and for their advice about methods. 
TABLE IV 
Hexoldnase Acti~ty of Supernate Fraction from Unferglized Arbacia Eggs in Presence of 
Saturating  Concentrations of Two Substrates 
Determinations were carried out by  the photometric indicator method with each sub- 
strate at  a  concentration of 0.01  M.  Calculations are based on the 5  minute period from 
1 to 6 minutes after mixing of reagents. 






Glucose +  2-desoxyglucose 
Glucose 
Mannose 
Glucose -4- mannose 
Fructose 
Glucose A- fructose 
Hexose phosphorylated 









* The supernate fraction used in this test had been aged for 7 hours at  2°C.  and had 
lost approximately 40 per cent of its initial activity. 
1. The hexokinase activity of homogenates of eggs and embryos of the sea 
urchin Arbacia punctulata has been measured. Expressed as micrograms glucose 
consumed  at  20°C.,  per  hour per  milligram  of protein  the  following values 
were obtained: unfertilized eggs,  67; fertilized eggs,  72;  24  hour  plutei,  94; 
48 hour plutei, 226. The concentration of the enzyme in the eggs is small and 
may be calculated to be about 0.001 per cent of the dry weight of unfertilized 
eggs. 
2. The hexokinase activity of the egg homogenate was virtually all recovered 
in the supernatant fraction when the homogenate was centrifuged at 20,000 X  g 
for 30 minutes and was  found to have  the following properties: The concen- 
trations  for  half  maximal  hexokinase  activity  with  various  substrates 
were, approximately: Glucose, 0.00003 z~; fructose, 0.00075; mannose, 0.00007; 
2-desoxyglucose, 0.00025.  The  relative  rates  of  phosphorylation  of  various 
sugars by the supernate fraction when saturated with substrate were, approxi- 
mately:  Glucose,  1.0; mannose,  1.2;  fructose,  1.8;  2-desoxyglucose, 2.0; glu- M. E.  KRAHL~ A.  K. KELTCH~ C. P.  WALTERS~ AND G. H. CLOWES  39 
cosamine,  0.6.  Adenosinediphosphate and  glucose-6-phosphate  inhibited  the 
enzyme. No evidence for more than one hexokinase in the Arbacia extracts 
was found. 
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